We have determined the DNA sequence of the distal 148 codons of trpE and all of trpG in Pseudomonas aeruginosa. These genes encode, respectively, the large and small (glutamine amidotransferase) subunits of anthranilate synthase, the first enzyme in the tryptophan synthetic pathway. The sequenced region of trpE is homologous with the distal portion of E. coli and Bacillus subtilis trpE, whereas the trpG sequence is homologous to the glutamine amidotransferase subunit genes of a number of bacterial and fungal anthranilate synthases. The two coding sequences overlap by 23 bp. Codon usage in these Pseudomonas genes shows a marked preference for codons ending in G or C, thereby resembling that of trpB, trpA, and several other chromosomal loci from this species and others with a high G + C content in their DNA. The deduced amino acid sequence for the P. aeruginosa trpG gene product differs to a surprising extent from the directly determined amino acid sequence of the glutamine amidotransferase subunit of P. putida anthranilate synthase (Kawamura et al. 1978) . This suggests that these two proteins are encoded by loci that duplicated much earlier in the phylogeny of these organisms but have recently assumed the same function. We have also determined 490 bp of DNA sequence distal to trpG but have not ascertained the function of this segment, though it is rich in dyad symmetries.
Introduction
Anthranilate synthase, the first enzyme in the pathway specific for synthesis of tryptophan, has been examined in a variety of microorganisms and plants (reviewed by Zalkin 1973 Zalkin , 1980 . All prokaryotic enzymes carefully examined to date have consisted of (1) a large (a) subunit capable of converting chorismate to anthranilate with ammonia as the nitrogen source and (2) a glutamine-binding (p) subunit providing a glutamine amidotransferase function. (These a and p subunits have also been called components I and II, respectively, in many systems.) The a subunit contains the tryptophan-binding site conferring feedback inhibition on the enzyme. The p subunit's glutamine amidotransferase activity, although not essential for the synthesis of anthranilate in all cells under all conditions (Zalkin and Murphy 1975) , is invariably present, though often fused to a later enzyme in the pathway (Zalkin 1980) . In three species-Bacillus subtilis, Acinetobacter calcoaceticus, and Pseudomonas acidovorans-the same p subunit provides glutamine amidotransferase activity for both anthranilate synthase and p-aminobenzoate synthase, the analogous enzyme in the folate Construction of the plasmid pIA 14 containing 1,185 bp of chromosomal DNA from Pseudomonas aeruginosa PAC 174 has been described . A detailed restriction map of its BamHI-BgZII insert showing the location of trpG and the distal portion of trpE is shown in figure 1 .
The vector pUC 18 (Yanisch-Perron et al. 1985) was used to construct the second plasmid, pIA20, which was synthesized by mixing equivalent amounts of cleaved, calf intestinal phosphatase-treated vector (Maniatis et al. 1982 ) and a KpnI digest of pIA 10 , ligating the mixture with T4 DNA ligase, transforming it into E. coli JM83, and selecting white colonies on a medium containing ampicillin ( 100 p.g/ml) and X-gal (Vieira and Messing 1982) . Candidate clones were screened for plasmid content using the alkaline lysis method of Birnboim and Doily (1979) as modified by Maniatis et al. (1982) .
Plasmid DNA to be sequenced was purified as described elsewhere (Manch and Crawford 198 1) . After restriction-endonuclease cleavage, selected fragments were elec- Solid lines indicate regions of the fragments where the sequence was readable. Only restriction-enzyme sites used in sequencing are shown. Ap = ApaI; Av = AvaII; Ba = BamHI; Bn = BanI; Bg = BglII; Bt = BstNI; D = DdeI; Ha = HaeIII; Hf = Hi&I; Hp = HpaII; K = KpnI; NC = NciI; S = SstII; and T = TaqI. Because the Pseudomonas fragment was inserted into the BamHI site of pBR322, the Bg/II site at bp 1,18 1 is not cut by either BamHI or BglII.
438 Crawford and Eberly troeluted from polyacrylamide gels and end-labeled either by reaction with the large fragment of E. coli DNA polymerase I and the appropriate 32P-labeled radioactive deoxynucleotide triphosphate or by S-labeling with T4 polynucleotide kinase and [Y-~~P]ATP (Maxam and Gilbert 1980) . When both ends were labeled, the two strands were separated by acrylamide gel electrophoresis as described elsewhere (Crawford et al. 1980) . Sequencing reactions were carried out using Maxam and Gilbert's (1980) method, then developed by urea-polyacrylamide gel electrophoresis as described by Sanger and Coulson (1978) . The resulting sequences were analyzed with the aid of the PCS computer program (Lagrimini et al. 1984) . Figure 1 shows the fragments of pIA 14 that we labeled and analyzed to obtain the sequence of trpG, as well as 92 bp of S-flanking and 490 bp of 3'-flanking DNA ( fig. 2 ). When Kaplan et al. (1985) reviewed the sequence of 12 glutamine amidotransferase subunits, they concluded that all were unmistakably paralogous. The Pseudomonas aeruginosa trpG sequence conforms to the general pattern shown by these 12 glutamine amidotransferases, with six regions of especially notable conservation bracketed from beneath in the alignment of figure 3. To accomplish this alignment each sequence had to be provided with several large gaps. This is in sharp contrast with the results presented earlier for trpB and trpA (Hadero and Crawford 1986) , which together make up more than three times the length of trpG. As with the trpG comparison, the trpB and trpA sequences encompass a wide evolutionary range of organisms, including bacteria and fungi. In that case, however, with the exception of a single two-residue deletion in the trpA sequence, only one-residue gaps were needed to maintain alignment.
Results

Sequence of trpG
Codon usage for P. aeruginosa trpG shows a highly skewed distribution favoring those codons with G or C in the third position. A virtually identical pattern was found for (1) the trpB and trpA loci (Hadero and Crawford 1986 ) and the genes for (2) carboxypeptidase G2 (Minton et al. 1984) , a cephalosporonic acid acylase (Matsuda and Komatsu 1985) , and exotoxin A (Gray et al. 1984) , all located on the chromosome of P. aeruginosa. Table 1 presents the codon usage for trpG and summarizes the results for the other published chromosomal genes of this organism. The predominance of G and C in the third codon position averages 90.6% for the 2,236 codons used in these genes. Recently two pilin genes from the chromosome of P. aeruginosa, together comprising 30 1 codons, were sequenced by Sastry et al. (1985) . Their codon usage differs markedly from the others' (table 1) and will be discussed below.
The number, size, and location of the gaps that we have introduced into the sequence of P. aeruginosa trpG ( fig. 3 ) are identical to those for both the E. coli trp(G) gene and the homologous Salmonella typhimurium, Shigella dysenteriae, and Serratia marcescens genes (not shown, but see Kaplan et al. 1985) . The pattern, however, differs from that of any of the others, including the P. putida p subunit sequence. The catalytically essential cysteine at position 85 and lysine at position 109 (replaced by arginine in Acinetobacter calcoaceticus) are conserved and lie within highly conserved regions. It was noted by Kaplan et al. (1985) that the P. putida sequence resembles E. coli's pabA gene more than it does the E. coli trp(G) gene and seems even closer to that of the A. calcoaceticus amphibolic subunit. This is clearly not true for the P. aeruginosa trpG gene. 85) is underlined, as is the termination codon of trpE; the proximal region of dyad symmetry at the 3' end of the gene is underlined, and a second region immediately distal to it is overlined. P.a. trpG E.c. pabA P.p. trpG A.c. trpG Single-letter amino acid abbreviations are used; dashes indicate gaps introduced to increase similarity, asterisks mark stopcodon positions, and ellipses indicate that the polypeptide continues. The sequences are clustered to emphasize subgrouping based on both gap and amino acid-residue similarities. Residues identical in any subgroup are boldface; residues identical in all eight sequences are boxed; regions highly conserved in all known sequences of this family (Kaplan et al. 1985 ) are bracketed. 
E.c. trp(G)
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Partial Sequence of trpE
Examination of the S-flanking sequence for trpG obtained from the pIA fragment revealed a reasonable ribosome-binding site (GGAG) present in a purine-rich region just upstream from the start codon (see fig. 2 ), as well as a sequence of codons not in the trpG reading frame that translates to a protein bearing resemblance to the C-terminal end of E. coli trpE (Nichols et al. 198 l) , S. typhimurium trpE (Yanofsky and van Cleemput 1982) , and Bacillus subtilis trpE (Henner et al. 1984) . Of 37 sense codons in this open reading frame, 14 determine amino acids identical to ones in the C-terminal 29 residues of the E. coZi and S. typhimurium proteins, and there are 11 identities with the B. subtilis sequence in this region. Because this putative trpE gene overlaps the trpG coding sequence by 23 bp and because overlaps of this size are rare in gram-negative bacteria, we felt it desirable to extend the sequence further into trpE.
There is a single KpnI site in the sequenced pIA fragment 200 bp distal to trpG 442 Crawford and Eberly ( fig. 1) . Work with the parent plasmid pIA had shown another KpnI site in trpE -330 bp upstream from the BamHI site marking the end of the pIA 14 insert. We therefore digested pIA 10 DNA with KpnI and recovered the 1.2-kb fragment by cloning it into KpnI-digested pUC 18. This plasmid was named pIA20.
Sequencing strategy for the Pseudomonas chromosomal insert of pIA is diagrammed in figure 4 . Translation of the additional 111 codons ( fig. 5 ) between the KpnI and BamHI sites revealed extensive similarity with the published sequences of E. coli and B. subtilis (fig. 6). (The 5'. typhimurium sequence shows only six differences from E. coli in this region and is omitted from the figure. ) Comparison of the predicted amino acid sequences, which can be aligned without gaps, reveals 66.4% identity between P. aeruginosa and E. coli, 42.1% identity between P. aeruginosa and B. subtilis, and 43.6% identity between E. coli and B. subtilis. This result confirms that the trpE gene does overlap trpG. Codon usage for this C-terminal trpE segment, estimated to be approximately one-fourth of the trpE gene, shows the characteristic bias toward codons ending in G or C found in the other Pseudomonas genes, though it is less pronounced. Some of this difference arises in the overlapping segment, where six of the eight trpE codons end in T or A.
3'-Flanking Sequence of TrpG Figure 2 presents the sequence of 490 bp of DNA downstream from the trpG stop codon. The nearest known genetic markers to trpEG in P. aeruginosa are the genes for pyocin R2 (Shinomiya et al. 1983 ), but whether these lie on the trpE or the trpG side of the trp gene pair is unknown. In any case they are not expected to be regulated with the trp genes, so transcription should terminate soon after trpG. In fact, several strong potential stem-and-loop structures can be discerned in the transcript beyond trpG. The AG values for the proximal and distal ones indicated in figure 2 are -49.1 and -37.4 kcal. Neither is followed by a string of T's, the consensus for a rhoindependent terminator in E. coli. It is plausible that the function of these secondary structural elements is to impede degradation of the mRNA by 3' exonucleases and that actual transcription termination occurs further downstream at a still uncharacterized site.
A search for translatable reading frames in the 3'-flanking region of trpG was not conclusive. There is an open reading frame on the coding strand distal to trpG extending 
Crawford and Eberly
Discussion
Evolution of the Pseudomonas Glutamine Amidotransferase Subunits It has been clearly shown in the enteric bacteria that the large a subunits and the p (glutamine amidotransferase) subunits of anthranilate and p-aminobenzoate synthases are related in sequence and have evolved by a duplication-divergence mechanism Kaplan et al. 1985) . In their analysis of the sequence of 12 glutamine amidotransferase molecules-including those from the anthranilate synthases of Saccharomyces cerevisiae, Neurospora crassa, Acinetobacter calcoaceticus, and P. putida as well as eight enteric bacterial sequences- Kaplan et al. ( 1985) observed that the P. putida sequence was much more similar to that of A. calcoaceticus than it was to any of the others. Using their alignments, to which we have added the Aspergillus nidulans and P. aeruginosa sequences ( fig. 3) , we discover that the P. aeruginosa trpG sequence differs strikingly from that of P. putida. The gap locations, for example, are identical to those of E. coli trp(G), not to those of the P. putida and A. calcoaceticus proteins. (The sequence shown for E. coli is actually the proximal 40% of the trpD gene, which in this bacterium is a fusion of the glutamine amidotransferase subunit gene with the gene for the next enzyme in the pathway. To indicate that this is the trpG portion of a fusion gene, we follow the convention of Kaplan et al. [ 19851 and place the G in parenthesis.) When identities in the amino acid sequences are tallied, P. aeruginosa trpG shows 5 1.5% identity with E. coli trp(G), 41.5% identity with E. coli pubA, 4 1% identity with P. putida trpG, and only 35% identity with A. calcoaceticus trpG. Each of these sequences shows conservative replacements at 10%-l 5% of the positions of nonidentity, but including these in the comparison does not alter the ranking. By all taxonomic criteria, including DNA-rRNA hybridization (Palleroni et al. 1973) , P. putida and P. aeruginosa are closely related species within the same subgroup (Group I) of the broad genus Pseudomonas. It is incongruous that orthologous genes in these two species should be more closely related to E. coli or A. calcoaceticus representatives than to each other. A plausible explanation is that the P. aeruginosa trpG gene is the "normal" partner of trpE but that in P. putida this gene has been lost or inactivated and the pabA gene product is being used as a substitute. Some supportive evidence for this can be found in (1) the fact that P. aeruginosa trpG is more similar (5 1.5% vs. 46.5%) to E. coli trp(G) than to E. coli pabA whereas the opposite (41.5% vs. 65.5%) is true for the P. putida trpG sequence, a fact that was also noted by Kaplan et al. (1985) , and (2) the finding of amphibolic p subunits in both A. calcoaceticus and P. acidovorans, a member of a different Pseudomonas taxonomic subgroup. Using Southern hybridization we have also determined that there is a second region of the P. aeruginosa chromosome cross-hybridizing weakly with trpG; this second gene contains a CZaI site not found in trpG (I. P. Crawford and L. Eberly, unpublished data). Conclusive evidence for the hypothesis that P. aeruginosa and P. putida use ancestrally different trpG genes might be obtained by examining the DNA sequence downstream from trpE in P. putida, as well as by cloning and characterizing the pabA gene in P.
aeruginosa.
Codon Usage in Pseudomonas trp Genes
With the sequences of trpA and trpB published elsewhere (Hadero and Crawford 1986) , there are now 1,02 1 trp codons known for P. aeruginosa. The codon usage in these genes is quite consistent, showing marked preference for codons ending in G or C. Comparison with codon usage in the trp genes of other bacteria having medium (E. coli, 5 1%) or low (Bacillus subtilis, 43%; A. calcoaceticus, 42% ) G + C contents indicates that the high frequency in Pseudomonas of G and C in the third position is needed to balance the low G + C content of the second position, resulting in an overall G + C content through the coding regions of nearly 68%, somewhat higher than the 65% observed mean G + C content in P. aeruginosa DNA. As shown in table 1, very similar codon usage and overall G + C content have been found in other Pseudomonas chromosomal genes, including carboxypeptidase G2 (Minton et al. 1984) , exotoxin A (Gray et al. 1984) , and 7P-(4-carboxybutanamido)cephalosporonic acid acylase (Matsuda and Komatsu 1985) .
In contrast to these results, codon usage in the genes of degradative or resistance plasmids of Pseudomonas seems only moderately biased toward G and C in the third position (Brown et al. 1983; Nakai et al. 1983; Unger et al. 1986 ), and codons with T and A in the third position are actually favored in the genes for two pilins found on the chromosome of P. aeruginosa (Sastry et al. 1985) . It is known that highly expressed genes of E. coli show a restricted usage pattern favoring codons with T in the third position (Grosjean and Fiers 1982) . Possibly the normally higher level of expression of the genes just mentioned has resulted in selection against some synonymous-codon variants that can be tolerated in the trp and other chromosomal genes.
Notwithstanding the approximately 90% bias for codons ending in G or C, however, the exotoxin A structural gene (Gray et al. 1984 ) and the trpA gene (Hadero and Crawford 1986) can be expressed at high levels in E. coli.
The mechanism for evolving a skewed codon distribution while maintaining the general protein structure and even extensive stretches of identical amino acid sequence in homologous genes can only be speculated on at present. In highly regulated genes such as the trpEG and trpBA pairs, which are capable of being expressed at levels far above those needed for optimal growth on minimal medium without tryptophan, any mechanism postulating selection for improved expression with particular codons would seem doubtful, even were it not for the practical difficulty of postulating the selective mechanism in cases where, because of wobble, the same tRNA molecule translates two or three synonymous codons.
A much more likely scenario supposes that by some mechanism the spontaneous mutations arising in a particular species favor A + G and/or T + C changes. Mutator genes with just such unidirectional activity have been studied in enteric bacteria (Cox 1976 ) and might well be present in Pseudomonas and other organisms with a high G + C content. When, as in the case of moderately expressed genes such as trp, such a change in the third codon position would not result in a significant selective disadvantage, it would, over a long period of evolutionary time, result in changes in codon usage such as those observed. This mechanism could also explain the substitution of arginine for lysine at many locations where only a positive charge on the amino acid side chain is required. An attractive feature of this mechanism is that it can account for wide fluctuations in codon usage patterns-such as are seen between the trp and pilin genes of P. aeruginosa-fluctuations that are based on the selective disadvantage of certain codons in the highly expressed pilin genes that can be tolerated in the trp genes; it avoids having to hypothesize the recent introduction of the pilin genes into the Pseudomonas genome by lateral transfer from an organism with a low G + C content. We must admit, however, that at present nothing rules out length of residence in Pseudomonas as the chief determinant of the wide differences in codon usage observed for different genes in the organism.
Significance of Gene Overlap
Adjacent trp genes in gram-negative bacteria sequenced to date include the fiveor six-gene trp operon in several enteric bacteria, the trpGDC cluster of A. calcoaceticus (Kaplan et al. 1984) , and the trpBA pair and the region presented here from P. aeruginosa. In the enteric bacteria there are two instances in which the last base of the stop codon is the first base of the initiation codon. In each case (trpE-trp [G] and trpBtrpA) there is evidence of coupled translation, i.e., poor expression of the second gene when the first gene is not translated normally (Oppenheim and Yanofsky 1980; Aksoy et al. 1984; Das and Yanofsky 1984) . The Acinetobacter genes do not overlap, but the P. aeruginosa genes do, by four bases in the trpBA case (ATGA; Hadero and Crawford 1986) and 23 bases in the present one. In this sense the P. aeruginosa genes more closely resemble the trp operon of B. subtilis, in which the genes overlap in four of five instances (Henner et al. 1984) . In Bacillus the gene order is trpEDCFBA and the extent of overlap (from the first base of the start codon to the last base of the preceding gene's stop codon) is as follows: trpED, 29 bp; trpFB, 20 bp; and trpDC and trpBA, 8 bp. As in the case of the Pseudomonas trpEG, the first base of the start codon occupies the second position in the reading frame of the preceding gene and an excellent ribosome-binding site is suitably positioned ahead of it.
Although gene overlaps of this extent are rare among the enteric-bacterial chromosomal genes sequenced so far, they are common in coliphage and transposon sequences. In h phage, for example, there are nine instances of adjoining reading frames showing overlaps of 1 l-46 bp and one showing a 103-bp overlap (Daniels et al. 1983) . (In several of these cases the actual start codon is uncertain; but in at least two cases, involving 17-and 23-bp overlaps, it is clear.) It is not known whether translational coupling occurs in all these overlapping h gene pairs, but Georgopolis et al. (1983) postulate that this might account for examples of "polarity" in expression of h head genes downstream from amber mutations. Similarly, it cannot be stated for the Bacillus or Pseudomonas trp gene pairs that translational coupling occurs, but experiments similar to those done in E. coli are now feasible. Since the mechanism of coupling is still unclear, it would be particularly interesting to know whether it occurs in the cases of appreciable gene overlaps. Zaghoul et al. ( 1985) report that coupling in B. subtilis occurs when the start codon is 14 bp downstream from the first base of the stop codon. It seems important to establish the upstream limits of coupling, and enough overlapping genes have now been identified to make this feasible.
The mechanism by which gene overlaps become established in evolution is likely to involve a deletion that removes the intervening sequence, if any, and part or all of the stop codon of the proximal gene. In many cases one would expect that this would lead to a lengthening rather than a shortening of proximal gene product, as translation continues into the distal gene until it finds a stop codon in the new reading frame. Figure 5 shows that the P. aeruginosa and B. subtilis trpE polypeptides extend 8 and 14 residues beyond the location of the E. coli stop codon. As predicted from the fact that their overlaps involve different genes -ones encoding the anthranilate synthase p subunit in the Pseudomonas case and the second pathway enzyme in the Bacillus case-there appears to be no homology in the two extensions. The similarity between the initial eight residues of the trpG gene product and all other glutamine amidotransferases analyzed ( fig. 3 ) strongly suggests that this sequence was retained during the formation of the overlap.
